Abstract Using the in vitro isolated whole brain preparation of the guinea pig, we tested the synaptic effects induced by the stimulation of pontine nuclei (PN) in intracellularly recorded and stained principal cells of the cochlear nucleus (CN). Twenty percent of the recorded cells in all CN subdivisions responded to stimulation of either ipsilateral or contralateral PN, and 12% of the cells exhibited convergence of inputs from both sides. The responses were recorded only in stellate cells of the ventral CN and in the pyramidal cells of the dorsal CN, whereas no responses were observed in bushy, octopus, and giant cells. PN stimulation produced excitatory and inhibitory postsynaptic potentials as well as mixed responses. The heterogeneous nature and the wide latency range (3.2-18 ms) of observed responses suggest significant variability in the underlying synaptic mechanisms and the implicated pathways. We propose that PN projections to the CN, terminating mainly in the granule cell domain (GCD), together with other non-auditory and auditory inputs contribute to multimodal convergence in the GCD leading ultimately to modulatory actions on the output activity of CN principal cells.
Introduction
In addition to the major auditory input from the ipsilateral auditory nerve and inputs from other auditory structures (e.g., contralateral cochlear nucleus, superior olive, inferior colliculi, auditory cortex), the cochlear nucleus (CN) appears to receive a number of nonauditory projections. Among those are inputs from the dorsal column nuclei (Itoh et al. 1987; Weinberg and Rustioni 1987; Wright and Ryugo 1996) , spinal trigeminal nucleus (Itoh et al. 1987; Zhou and Shore 2004) , trigeminal nerve (Shore et al. 2000) , vestibular afferents (Burian and Gstoettner 1988; Kevetter and Perachio 1989) , as well as projections from some other brainstem nuclei (Ryugo et al. 2003) . Despite the solid morphological evidence for the existence of various non-auditory inputs to the CN, their physiological influences were so far studied only for somatosensory inputs (Saade´et al. 1989; Young et al. 1995; Kanold and Young 2001; Shore et al. 2003) that are thought to be involved in the coordination of pinna orientation and sound sources as well as in the modulation of sound perceptions by somatic information from the head and neck. A large proportion of non-auditory and some descending auditory projections to the CN terminate in the granule cell domain (GCD), a thin layer of small granule cells overlying most of the CN and separating the ventral cochlear nucleus (VCN) from the dorsal cochlear nucleus (DCN). Thus, the GCD, which is considered as a shell of the CN (see for review Ryugo et al. 2003) , is well positioned to integrate a variety of non-auditory information and feedback auditory inputs to modulate the output activity of neurons in the CN core (VCN and DCN) . A recent neuroanatomical study has demonstrated the existence of prominent bilateral projections from pontine nuclei (PN) to the CN, also terminating principally in the GCD of the CN (Ohlrogge et al. 2001) . The aim of the present work was to assess the physiological properties of PN inputs to the CN cells. Using the in vitro isolated whole brain (IWB) preparation of the guinea pig, we intracellularly recorded from the CN neurons and tested their responses to electrical stimulation of PN on both sides. In addition, recorded CN neurons were labeled with neurobiotin in order to identify cells from which recordings were made. However, as it is very difficult, if not impossible, to record intracellularly from very small granule cells, the modulatory action of PN stimulation could not be studied in the primary target of PN projections terminating in the GCD, but was rather assessed in principal CN cells. An indirect action of PN inputs on principal CN cells through GCD can be hypothesized, since it is well established that, for example, in the cerebellar-like circuit of the DCN superficial layers, granule cell axons form excitatory synapses on the dendrites of principal cells and also contact inhibitory interneurons that project to the principal cells (Mugnaini et al. 1980a, b; Doucet and Ryugo 1997 ; see also for review Oertel and Young 2004) . A preliminary account of this work was presented in an abstract form (Babalian and Rouiller 2004) .
Materials and methods
The experiments were performed on pigmented guinea pigs of both genders (body weight 200-500 g) in accordance with animal care rules of Swiss Veterinary Authorities. The methods used to prepare and maintain the IWB preparation in vitro were similar to those described in detail previously (Babalian et al. 1997) . Briefly, the guinea pigs were anesthetized with a lethal dose of pentobarbital (150-300 mg/kg, i.p.) and perfused through the heart with cold (10-13°C) Ringer's solution for 5-6 min. Following decapitation, the brain was dissected from the skull and transferred to the perfusion/recording chamber. The brain was perfused through a fine metallic cannula inserted in one of the vertebral arteries. The second vertebral artery and the other major arteries cut during the dissection were ligated to minimize the leaks of the perfusion solution from the brain. The perfusion rate was progressively increased from 1.5-2 ml/min to 4.5-5 ml/min as the solution and the brain in the recording chamber were progressively warmed from 13°C to the final temperature of 29°C. The perfusion solution had the following composition (in mM): NaCl 126; NaHCO 3 26; MgSO 4 1.3; KH 2 PO 4 1.2; KCl 3; CaCl 2 2.4; glucose 15. It also contained either 1.5% of dextran (MW 70,000, Macrodex Ò , Braun Medical AG, Switzerland) or 1-2% of gelatin (MW 30,000, Physiogel Ò , Braun Medical AG, Switzerland). The solution was continuously bubbled with a mixture of 95% O 2 and 5% CO 2 .
The PN and auditory nerves (AN) were stimulated with single monopolar electrical pulses of 0.2 ms duration delivered through self-made stainless steel bipolar electrodes at a rate of 1 Hz. As the PN are relatively large structures located close to the ventral surface of the pons, the stimulating electrodes could be routinely correctly placed with the brain secured in the perfusion chamber in the ventral side up position. The placement of electrodes in the PN was histologically verified in the initial experiments and could be consistently reproduced using external landmarks. Stimulating electrodes were inserted l mm laterally to the midline on both sides, at a depth of 1 mm from the ventral surface, and 1-1.5 mm caudally to the rostral edge of the pons according to the atlas of the guinea pig brainstem (Voitenko and Marlinskii 1993) . In order to minimize the possibility of current spread to the neighboring structures, the upper limit of PN stimulation intensity was set at 0.25 mA. Intracellular recording and iontophoretical labeling of CN neurons were made using micropipettes filled with 1-2% solution of tracer neurobiotin in 2 M K-acetate. Conventional electrophysiological equipment was used for the recording and storage of signals. Labeled cells were visualized on frontal brain sections (100 lm) using standard ABC histochemistry with some modifications (Wan et al. 1992) .
Results
Only cells in good physiological condition (stable membrane potential of at least À55 mV) were retained for physiological testing and subsequent labeling. The effects of PN stimulation were tested in 42 principal CN cells recorded in 27 experiments (isolated brains). The cells were distributed in all the three CN subdivisions: anteroventral (AVCN), posteroventral (PVCN), and dorsal (DCN). Among 13 cells tested in the AVCN, 6 were identified as bushy cells, 6 others as stellate cells, and 1 neuron could not be recovered on histological sections. Eighteen recorded cells in the PVCN were classified as stellate cells (10), octopus cells (3), and unidentified cells (5) as they were not recovered and/or poorly labeled. The nine tested DCN neurons were pyramidal (6), giant (2), and stellate (1) cells. Finally, two tested stellate cells were found in the granule cell lamina separating the PVCN and DCN. The distribution of cells in the CN and the synaptic effects produced by the single-pulse stimulation of PN on both sides are summarized in Table 1 . Altogether, ten tested cells responded to stimulation of the PN with a comparable number of cells influenced from the ipsilateral (seven cells) and contralateral (eight cells) sides. In five of the ten responding cells, a convergence of influences from the ipsilateral and contralateral PN was observed. The remaining five cells received inputs either from the ipsilateral (two cells) or the contralateral (three cells) PN. The highest proportion of responding cells was in the DCN followed by AVCN and PVCN. It should be noted that PN stimulation effects were observed only in some categories of tested cells. In the VCN and GCD lamina, only stellate cells responded to PN stimulation (six cells in total), whereas bushy and octopus cells were devoid of PN influences. In the DCN, we observed PN-induced responses exclusively in the pyramidal cells (four cells). Figure 1 illustrates the morphological and physiological characteristics of a cell in the AVCN influenced by PN. The neuron had large radiate stellate cell morphology with long dendrites extending through the entire crosssection of the CN and reaching its medial and lateral edges (Fig. 1b, c) . The lateral dendrites of the cell reached the granule cell layer covering the dorso-lateral surface of the CN. Although the axon of the neuron could not be traced for a long distance from the soma, it was clearly directed dorso-caudally within the CN. In this cell, the stimulation of the ipsilateral PN induced a long-latency (12.5 ms) inhibitory postsynaptic potential (IPSP), whereas the contralateral PN stimulation produced a mixed response that included a short-latency (3.2 ms) excitatory postsynaptic potential (EPSP) followed by a longer latency (12 ms) IPSP (Fig. 1a) .
IPSPs accounted for 10 out of the total of 15 recorded responses ( Table 1 ). The remaining responses were either EPSPs (three) or mixed synaptic potentials (two). In five cells that exhibited convergence of inputs from both ipsi-and contralateral PN, the observed combinations of responses were: IPSP-IPSP (two cases), EPSP-EPSP (one case), mixed response-EPSP (one case), and IPSP-mixed response (one case). Response latencies were distributed in a wide range from 3.2 to (Fig. 2) . The responses with shortest latencies were EPSPs, which had latencies in the range of 3.2-3.5 ms, suggesting a disynaptic transmission. The short-latency EPSPs were observed in the cell illustrated in Fig. 1 and a similar radiate cell with widely spreading dendrites and dorso-caudally oriented axon in the AVCN (not shown). The remaining responses had latencies of 5.3 ms and longer, most likely indicating their polysynaptic origin. Interestingly, only one of the two stellate cells recorded in the granule cell lamina responded to PN stimulation and exhibited a long-latency (17 ms) IPSP to stimulation of the contralateral PN. The observed EPSPs were large enough to induce action potentials in the recorded cells (Fig. 1) . Although the amplitudes of recorded IPSPs were usually small, ranging from 0.9 to 4.2 mV, they were functionally efficient as indicated by the discharge inhibition of some spontaneously active pyramidal neurons in the DCN. The duration of IPSPs ranged from 15 to 80 ms. The proportion of excitatory and inhibitory responses was similar in the stellate and pyramidal cells and, although some stellate cells tended to respond with shorter latencies than pyramidal cells, no obvious differences were observed between the response characteristics of the two cell types.
Discussion
Our present work demonstrates the existence of functional modulatory inputs from PN to the CN. About 20% of the principal cells in the CN responded to stimulation of either ipsilateral or contralateral PN. In addition, some of these cells (12%) exhibited a convergence of bilateral PN inputs.
The first principal issue related to our data is how specific are the synaptic responses in CN cells to inputs from PN. There are several auditory structures in the vicinity of PN, including periolivary nuclei, ventral nucleus of the lateral lemniscus, as well as fibers of the trapezoid body (TB) and intermediate acoustic stria (IAS) , that are known to project to the CN (Winter et al. 1989; Benson and Potashner 1990; Shore et al. 1991 ). Thus, it is possible to argue that the observed responses could be at least partially due to the spread of stimulating current from PN to neighboring structures projecting to the CN. We think that such a possibility can be safely ruled out for the following reasons. It has been demonstrated that stimulation current intensities of 0.3-0.5 mA are efficient within a distance of 1 mm from the electrode tip (Sasaki et al. 1970; Shinoda et al. 1985) , which can be even smaller with bipolar stimulation. In our experiments, the upper limit of PN stimulating current was set at 0.25 mA, suggesting that the effective current spread was restricted to a distance less than 1 mm from the electrodes. However, the distance between stimulating electrodes and the auditory structures projecting to the CN was bigger (at least 1.5 mm according to our estimates), making the possibility of the non-specific current spread very unlikely. Indeed, in some control experiments, we placed electrodes caudally to PN in order to produce a massive stimulation of the superior olivary structures as well as of the TB and IAS bundles. Such stimulation usually produced large IPSPs in almost all the recorded CN cells and, in addition, in many of them, sending their axons through TB or IAS, generated antidromic action potentials. Moreover, the latencies of synaptic responses were significantly shorter (mean value 3.7 ms, range 2.1-6.3 ms; unpublished data) than those found with PN stimulation. This response pattern was very different from the one observed with our standard PN stimulation intensities and could be sometimes seen in our experiments when the intensities were increased to above 0.5 mA. The threshold of responding cells was 50-100 lA, and a gradual increase of stimulation intensity up to the maximal tested value (0.25 mA) never resulted in sudden changes of response latencies and/or nature, which could be an indicative of a current spread to neighboring structures. Since the PN are large structures, it is not even excluded that the limitation of the current strength in the present study could result in failure of stimulating remote parts of the PN and, consequently, in underestimation of the real strength of PN inputs to the CN. There are some fiber tracts running in the vicinity and through the PN (e.g., pyramidal tract, medial lemniscus) that could be activated by stimuli applied to PN. However, no projections from these fiber systems to the CN have been described so far. Our results did not confirm the existence of direct afferent projections from the CN to PN (Kandler and Herbert 1991) , as we never observed an antidromic activation of CN cells in response to PN stimulation. However, it is possible that, for some reason (e.g., cell size, location in the CN), we did not penetrate CN cells projecting to PN. A tracing study in rats (Ohlrogge et al. 2001) has demonstrated that projections from the contralateral PN to the CN outnumbered the ipsilateral projections by about four times. Our data are not in accordance with these observations, as comparable proportions of neurons were influenced by the stimulation of the ipsilateral and contralateral PN. One possible explanation for this discrepancy, though very speculative, could be related to the fact that the anatomical data showed a significant asymmetry of PN projections to the GCD, whereas our recordings were made from principal CN cells. The observation of predominant contralateral PN projection to the GCD should not necessarily result in stronger contralateral PN effects on principal CN cells. It is possible that various combinations of the strength and/ or convergence of inputs from the GCD to the CN core might result in more balanced bilateral PN actions on principal CN cells. Other possible explanations for the discrepancy between our data and previous tracing study in rats could include the species differences and/or biased number/percentage of influenced cells due to the limited sample of cells recorded in the present study.
The population of responses produced by PN stimulation in CN principal cells was heterogeneous, both in terms of their nature (EPSPs, IPSPs, mixed responses) and large latency range (3.2-18 ms), suggesting significant variability in underlying synaptic mechanisms and implicated pathways. The responses with shortest latencies of 3.2-3.5 ms were EPSPs recorded in two radiate stellate cells of the AVCN. In the IWB preparation, these latency values most likely correspond to disynaptic transmission (Babalian et al. 1997 (Babalian et al. , 1999 (Babalian et al. , 2002 . As both the AVCN cells extended their dendrites to the GCD and the PN input to GCD was shown to be excitatory (Ohlrogge et al. 2001) , the most probable mechanism of observed disynaptic EPSPs would be an excitation of the granule cells by PN projections and following excitatory action from granule cells to target cells. The large majority of other responses in the present study were IPSPs at longer latencies (5.3 ms and longer), suggesting the involvement of additional synaptic relays. Cells similar to the two AVCN cells that exhibited disynaptic EPSPs to stimulation of PN could mediate some of the polysynaptic responses. Indeed, the morphology of the two AVCN cells, with large dendrites and dorso-caudally oriented axon, is similar to the characteristics of type II, large radiate stellate cells of D-type, immunoreactive for glycine, with onset responses (see for review Arnott et al. 2004 ). These cells were demonstrated to have an axon terminating in the DCN and partially in the VCN and are good candidates for providing a wideband inhibition of PVCN and DCN neurons including pyramidal cells (Arnott et al. 2004 ). Thus, the polysynaptic inhibitory effects of PN stimulation observed in the pyramidal cells and some planar, TB-projecting, stellate cells in the PVCN could be at least partially mediated through the disynaptic excitation of some VCN radiate cells, which in turn inhibit target cells in the DCN and VCN. An additional or alternative mechanism for polysynaptic inhibition of pyramidal cells from PN may function through a cerebellum-like circuit of the DCN (reviewed in Oertel and Young 2004 ) and would include PN-GCD-carthweel cell-pyramidal cells synaptic pathway. Even if no PN endings were found in the layer 2 of the DCN containing granule cells (Ohlrogge et al. 2001) , such a pathway may function through granule cells in all other CN areas known to send parallel fibers to the DCN (Mugnaini et al. 1980b) . It should also be noted that additional synaptic relays in the GCD and/or within the magnocellular CN core, including, for example, Golgi cells, unipolar brush cells, interneurons, and CN cells projecting to the contralateral CN, may account for PNinduced responses with very long latencies. Finally, mixed responses observed in the present study would result from convergence of different synaptic pathways on the same target cell. In 16 cells that did not respond to single-pulse stimulation of PN, we applied a stimulation protocol using pulse trains (four pulses at 150 Hz). Train stimulation induced responses in only one of the tested cells, but these responses were not taken into consideration in our database as they could be, at least partially, produced by temporal summation of synaptic responses in polysynaptic circuits other than PN projections to CN.
Our data demonstrate the existence of bilateral modulatory action of PN on CN principal cells. The question arises of the possible functional significance of these inputs in the auditory function. The PN are important relay structures of a major pathway in the central nervous system, the cerebral-cerebellar-cerebral loop (see for reviews Brodal and Bjaalie 1992; Schmahmann and Pandya 1997; Schwarz and Thier 1999) . The PN were traditionally considered to be mainly involved in motor control (Allen and Tsukahara 1974) . However, although the majority of inputs to PN originate from the motor and sensorimotor cortices, the PN apparently integrate various inputs. The PN receive projections from all parts of the cortex, including the visual (Hollander et al. 1979; Wiesendanger and Wiesendanger 1982a, b; Legg et al. 1989 ) and auditory cortices (Wiesendanger and Wiesendanger 1982a; Azizi et al. 1985; Knowlton et al. 1993; Kimura et al. 2004) . In line with these observations are the findings of PN neurons responding to visual and auditory stimuli (Glickstein et al. 1972; Baker et al. 1976; Aitkin and Boyd 1978) , as well as to stimulation of visual and auditory cortices (Potter et al. 1978) . Based on these data it has been argued that the major role of the cerebroponto-cerebellar pathway is the sensory guidance of movements (Stein and Glickstein 1992) , including a contribution to such specialized behaviors as smoothpursuit eye movements and visually guided saccades. Finally, it has been proposed that the cerebro-pontocerebellar loop might have a role in higher brain functions as the prefrontal areas, classically associated with cognitive functions, contribute to the pathway (reviewed in Middleton and Strick 1997; Schmahmann and Pandya 1997) . In addition to cortical inputs, the PN receive afferents from subcortical sources, particularly auditory inputs (Aitkin and Boyd 1978; Kandler and Herbert 1991) . Hence, the studies summarized above indicate that the PN, instead of being confined to one functional system, might mediate a large spectrum of signals and functions. Such an organization of the PN suggests that they are well positioned for bringing together and integrating inputs from various functionally diverse cortical areas and subcortical regions (Brodal and Bjaalie 1992; Schwarz and Thier 1999) . The multimodal integration at the level of PN does not probably occur in a form of direct convergence of various inputs on single PN neurons, but is rather ensured through bidirectional dynamic coupling between different functional PN patches and the cerebellum and/or through distant connections within the PN (Schwarz and Thier 1999) . It is unknown what kind of information processed in the PN finally reaches the CN. However, irrespective of the nature of PN signals to the CN, one can speculate that the resulting influences together with other feedback and feedforward auditory and non-auditory inputs (e.g., auditory cortex, somatosensory inputs) are ''weighed'' up in the GCD to generate a mosaic of modulatory actions on the output activity of CN principal cells. This kind of modulation would be important for the evaluation of auditory signals with respect to external and internal non-auditory cues.
